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The BrO radical, prepared by the Br1O3 reaction, has been investigated by ultraviolet photoelectron
spectroscopy. Two vibrationally resolved bands were observed corresponding to the ionizations
BrO1(X 3S2)←BrO(X 2P) and BrO1(a 1D)←BrO(X 2P). These assignments are supported by
the results of complete active space self-consistent field/multireference configuration interaction
~CASSCF/MRCI! calculations performed as part of this work. The adiabatic ionization energies of
these bands were measured as (10.4660.02) and (11.2160.02)eV, respectively. Measurement of
the vibrational separations in these bands led to estimates of the vibrational constants in the ionic
states of (840630) cm21 and (880630) cm21, and Franck–Condon simulations of the vibrational
envelopes gave values of the ionic state bond lengths of (1.63560.005) and (1.64160.005) Å for
the X 3S2 and a 1D states of BrO1, respectively. The O1Br2 reaction was found to give a band at
(10.2660.02) eV associated with a reaction product. Comparison of the results obtained for the
Br1O3 reaction showed that it could not be assigned to ionization of BrO. Calculations of the first
adiabatic ionization energies and Franck–Condon simulations of the vibrational envelopes of the
first photoelectron bands of BrO2 and Br2O and their isomers demonstrated that this band
corresponds to the first ionization of OBrO, the BrO2
1(X 1A1)←BrO2(X 2B1) ionization. Franck–
Condon simulations were performed with the experimental geometry of BrO2(X˜ 2B1) but with
different cationic state geometries. The simulated envelope which most closely matched the
experimental envelope gave geometrical parameters of re51.6135 Å and /OBrO5117.5° for the
ionic state. © 2000 American Institute of Physics. @S0021-9606~00!00214-2#I. INTRODUCTION
The importance of bromine in the earth’s atmosphere,
particularly in reactions that lead to the loss of ozone, is now
widely recognized.1–3 Although less abundant than chlorine,
it has a greater potential to destroy stratospheric ozone since
catalytic cycles involving BrO are more efficient than those
involving ClO.
An understanding of the consequences of bromine–
oxidant reactions requires a knowledge of the properties of
the molecules involved, such as their ionization energies,
electron affinities, equilibrium structures, and vibrational
constants. These quantities are valuable in thermochemical
cycles used to determine the heats of formation of bromine
oxides, notably BrO, BrO2, and Br2O.
The BrO radical has a 2P3/2 ground state. It has been
investigated experimentally by microwave,4 infrared,5 and
cavity ring down spectroscopy,6 as well as with electronic
structure calculations.7–9 Similar studies have also been
made on Br2O and BrO2.10–16
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197817 when ultraviolet ~UV! photoelectron spectroscopy
was used to study the O1Br2 reaction. A sharp band associ-
ated with a reaction product, with the adiabatic component
equal to the vertical component at 10.29 eV, was assigned to
the first ionization of BrO, the BrO1(X 3S2)←BrO(X 2P)
ionization. Much more recently, a photoionization mass
spectrometric ~PIMS! study of BrO, produced from the
O1Br2 reaction, determined the first adiabatic ionization en-
ergy of BrO as (10.4660.02) eV.18
Of the values for the first ionization energy of BrO de-
rived from molecular orbital calculations,7,8 the most recent
and reliable value is (10.45560.035) eV,7 obtained by per-
forming CCSD~T! calculations with large atomic natural or-
bital basis sets and extrapolating the result to the one-particle
basis set limit. For the triatomic bromine oxides, Br2O and
BrO2, the first adiabatic ionization energy ~AIE! of Br2O has
been measured as (10.2660.01) eV by PIMS19 and the first
AIE of BrO2 has been calculated at the CCSD~T! level as
(10.1660.13) eV.20 BrO2 is also known as a secondary
product of the O1Br2 reaction,21 and Br2O has been pre-
pared by passing bromine over solid mercuric oxide.11
The aim of this work was to explain the reason for the
discrepancy between the early photoelectron spectroscopy
~PES! value for the first AIE of BrO of (10.2960.01) eV172 © 2000 American Institute of Physics
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this purpose, the reactions Br1O3 and O1Br2 were studied
at different reaction times by ultraviolet ~UV! photoelectron
spectroscopy.
II. EXPERIMENT
HeI ~21.22 eV! photoelectron spectra were recorded for
the Br1O3 and O1Br2 reactions using a single detector pho-
toelectron spectrometer specifically designed to study short-
lived species in the gas phase.22 Under typical operating con-
ditions, the resolution as measured from the full width at half
maximum ~FWHM! of the Ar1(2P3/2)←Ar(1S0)(3p)21
photoelectron band was approximately 30 meV. Spectra
were obtained by linearly sweeping the pass energy of an
electrostatic hemispherical analyzer. At 5.5 eV pass energy,
the resolution was approximately 30 meV, and at 11.0 eV
pass energy the resolution was approximately 60 meV. Spec-
tra were calibrated using the known ionization energies of
the reactants and stable product species, notably O, Br, and
O2, as well as methyl iodide which was added to the ioniza-
tion region.
In practice, it was found that a higher partial pressure of
BrO could be produced from the Br1O3 reaction than from
O1Br2. This was because although the rate constant of the
Br1O3 primary reaction (k1) is an order of magnitude less
than that of the O1Br2 reaction (k2), the secondary reaction
which removes BrO associated with reaction ~1! @reaction
~3!# is much slower than the secondary reaction which re-
moves BrO associated with reaction ~2! @reaction ~4!#.
The rate constant of these reactions, at 298 K, is23
Br1O3→BrO1O2,
~1!k15~1.260.2!310212 cm3 mol21 s21,
O1Br2→BrO1Br, k25~1.260.4!310211 cm3 mol21 s21,
~2!
BrO1O3→Br12O2, k3,2310217 cm3 mol21 s21, ~3!
BrO1O→Br1O2, k454.1310211 cm3 mol21 s21. ~4!
To study the Br1O3 reaction, Br atoms were produced by
passing a flowing mixture of SiBr4 and argon through a mi-
crowave discharge ~2.45 GHz!. Preliminary experiments
showed that a microwave discharge of SiBr4 did not produce
any photoelectron signals other than those seen in a photo-
electron spectrum of discharged Br2. Discharged SiBr4 was,
however, preferred as a source of Br atoms since good yields
of Br atoms were obtained and problems associated with
contamination of the ionization region and signal stability
over a long period are considerably less than those encoun-
tered when using Br2.24 Ozone was produced by a 10 kV
silent discharge of flowing molecular oxygen and was col-
lected by adsorbing it onto silica gel contained within a
U-tube cooled to 195 K by use of a dry ice/acetone slush
bath.25 After several hours of ozone production, the U-tube
was removed from the ozonizer and attached to the spec-
trometer, where the ozone was allowed to desorb by slowly
raising the tube out of the cooling bath. Virtually pure ozone
was admitted to the spectrometer through a thin @3 mm outerdiameter ~o.d.!# inlet tube positioned down the center of the
tube used to carry the Br/Ar mixture. The inner tube could be
moved with respect to the outer tube, whilst maintaining the
low pressure in the inlet system, so that the position at which
O3 was introduced into the Br atom flow could be altered in
the range 0–30 cm above the photon beam. This feature of
the inlet system enabled the production of BrO and the sec-
ondary products of the Br1O3 reaction to be studied as a
function of mixing distance. This mixing distance range cor-
responds approximately to reaction times in the range 0–15
ms. All internal surfaces of the glass inlet system were care-
fully pretreated with phosphoric acid to minimize surface
catalyzed recombination reactions. Experiments conducted
in the absence of ozone were able to show that the Br atom
yield was unaffected by the position of the moveable inlet
tube.
A similar inlet system was used to study the products of
the O1Br2 reaction as a function of mixing distance above
the photon beam. In these experiments O atoms were pro-
duced in the outer inlet tube by passing a flowing mixture of
O2 and argon through a microwave discharge and Br2 was
introduced to the oxygen flow above the photon beam via the
moveable inner tube. All the internal surfaces of this glass
inlet system were carefully pretreated with boric acid.
III. COMPUTATIONAL DETAILS
Ab initio molecular orbital calculations were carried out
on BrO, and a number of isomers of Br2O and OBrO, as well
as their low-lying cationic states. Most of the calculations
were carried out using the GAUSSIAN 94 and 98 suites of
programs,26 although some calculations were performed with
MOLPRO.27 All quantum chemical calculations presented in
this work were performed with the cluster of DEC 8400 ma-
chines at the Rutherford-Appleton Laboratory, EPSRC,
United Kingdom.
In order to aid assignment of bands observed in the
Br1O3 and O1Br2 reactions associated with reaction inter-
mediates, adiabatic ionization energies ~AIEs! and vertical
ionization energies ~VIEs! and Franck–Condon factors were
computed for photoelectron bands of BrO, BrO2, and Br2O
and other isomers. Details of the calculations performed for
each molecule and the results obtained will be presented later
in Sec. IV.
IV. RESULTS AND DISCUSSION
A. The Br¿O3 reaction studied by PES
A photoelectron spectrum recorded for O3, mixed with
SiBr4 and Ar at a distance of 15 cm above the photon beam,
is shown in Fig. 1~a!. The ozone sample is virtually free from
oxygen and hence the spectrum shows only a very small
contribution from O2. The first three bands of O3 can be seen
in the ionization energy range 12.5–14.0 eV25 and the first
four bands of SiBr4 are observed in the range 10.5–12.5
eV.28
Figure 1~b! shows the photoelectron spectrum recorded
for the same gas sample but with the SiBr4 /Ar mixture being
passed through a microwave discharge before it is mixed
with O3 15 cm above the photon beam. There is no undisso-
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confirmed by a band at 11.81 eV corresponding to the ion-
ization Br1(3P2)←Br(2P3/2).24,29 The first band of oxygen
is also clearly seen in this figure, indicating that the reaction
Br1O3→BrO1O2 is occurring. For reaction products to be
observed, it was found that @O3# must be in considerable
excess relative to @Br# and as a result signals arising from
HeIb ~23.09 eV! ionization of O3 were present in the 10.0–
12.0 eV ionization energy region of the HeIa spectrum. This
region was further complicated by signals arising from Br2,
formed by recombination of Br atoms. Ionization to the sec-
ond spin-orbit component of the ground state of Br2
1 gives a
band at 10.91 eV. Ionization to the first spin-orbit component
of the ground state of Br2
1 gives a band at 10.55 eV, but this
is overlapped by at least three additional features associated
with a short-lived reaction intermediate. Another unidentified
structured photoelectron band associated with a reaction in-
termediate is observed in Fig. 1~b! at approximately 11.2 eV
ionization energy. These two bands, which have been as-
signed to BrO on the basis of evidence which will be pre-
sented later, have AIEs of (10.4660.02) and (11.21
60.02 eV). They showed the same intensity ratio under all
experimental conditions of (1.360.1), corrected for analyzer
transmission, in reasonable agreement with the 3:2 intensity
ratio expected for the lowest energy ionizations
of BrO, BrO1(X 3S2)←BrO(X 2P) and BrO1(a 1D)
←BrO(X 2P).
Figure 2~a! reproduces the 10.0–12.0 eV region of the
Br1O3 spectrum recorded at a mixing distance of 15 cm
@Fig. 1~b!#. Beneath this, in Fig. 2~b!, is an estimate of the
signals arising from HeIb ionization of O3 and O2 in Fig.
2~a!. This was obtained by taking the 12.0–14.0 eV ioniza-
tion energy region of the spectrum shown in Fig. 1~b!, mov-
ing it to lower ionization energy on the Hela scale by 1.87
eV ~the Hela2Helb energy separation!, and adjusting the
intensity such that the intensity of the O2 first band features
FIG. 1. Figure 1~b! shows the HeI photoelectron spectrum obtained for the
Br1O3 reaction at a mixing distance of 15 cm above the photon beam. Br
atoms were prepared by microwave discharge of a SiBr4 /Ar mixture. Figure
1~a! was obtained for the same reaction mixture, but with the microwave
discharge turned off. The intensity of the third band of ozone in these spec-
tra is approximately 2500 counts s21. The count rate scale used to record the
10.0–11.9 eV ionization energy range was ten times lower than that used to
record the 11.9–14.0 eV region.and the O3 third band match those observed in the 10.0–12.0
eV region as HeIb signals. Figure 2~c! shows the result of
subtracting the HeIb estimate @Fig. 2~b!# from the experi-
mental spectrum @Fig. 2~a!#. The same procedure was
adopted for the spectrum recorded at a mixing distance of 0
cm and this is shown, after subtraction of the HeIb contribu-
tions, in Fig. 2~d!. At this mixing distance, no reaction has
occurred and the two bands assigned to BrO are absent. Also,
the Br atom band at 11.81 eV in Fig. 2~d! is, as expected,
considerably more intense at this mixing distance than that
observed in the spectrum recorded at a mixing distance of 15
cm @Fig. 2~c!#.
Having obtained two spectra @Figs. 2~c! and 2~d!# which
are wholly attributable to HeIa signals, the Br2 contribution
to the spectrum recorded at a mixing distance of 15 cm @Fig.
2~c!# was removed by subtracting the spectrum recorded at 0
cm @Fig. 2~d!#. The result is the spectrum shown in Fig. 2~e!,
in which the positive signals are those arising from reaction
products and the reactants ~only Br atoms, in this region of
the spectrum! appear as negative features. It should be noted
that this subtraction procedure has not introduced any struc-
ture which could not be observed in the original spectrum
recorded for the Br1O3 reaction.
The adiabatic ionization energy of the first BrO photo-
electron band, assigned to the BrO1(X 3S2)←BrO(X 2P)
ionization, is measured as (10.4660.02 eV) in very good
agreement with the recent PIMS value of (10.46
60.02) eV.18 Three regularly spaced vibrational components
are observed. Measurement of the vibrational spacings led to
an estimate of the vibrational constant, ve , in the ionic state
of (840630) cm21. The second photoelectron band of BrO,
corresponding to the ionization BrO1(a 1D)←BrO(X 2P),
FIG. 2. ~a! 10.0–14.0 eV ionization energy region of the HeI photoelectron
spectrum recorded for the Br1O3 reaction at a mixing distance of 15 cm
above the photon beam. ~b! HeIb signals arising from O3 and O2 in the
10.0–14.0 eV ionization energy region. ~c! The photoelectron spectrum ob-
tained by subtracting 2~b! from 2~a!. ~d! HeI photoelectron spectrum re-
corded in the 10.0–14.0 eV ionization energy region for discharged
SiBr4 /Ar showing bands arising from Br2 and Br. ~e! HeI photoelectron
spectrum obtained by subtracting 2~d! from 2~c! ~see text for further details!.
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components were observed in this band with the possibility
of a fourth. Measurement of the vibrational spacings led to
an estimate of the vibrational constant, ve , in the ionic state
of (880630) cm21.
The ground-state electronic configuration of BrO is
known to be17
- - - 8s29s210s24p45p3.
The first three photoelectron bands of BrO are expected to
arise from the (5p)21 ionization, which gives rise to the
X 3S2, a 1D , and b 1S1 ionic states. As the 5p molecular
orbital is antibonding in character, the vibrational constants,
ve , in the first and second photoelectron bands are expected
to be greater than the vibrational constant, ve , in the X 2P
state of BrO ~725.7 cm21!,5 as is the case. Also, as the spin-
orbit splitting in BrO X 2P is 815 cm21,30 the population of
the X 2P1/2 state relative to that of the X 2P3/2 state is ex-
pected to be very small at room temperature and as a result
the observed bands are expected to arise only from ionization
of the X 2P3/2 state. Unfortunately, the third band of BrO,
corresponding to the BrO1(b 1S1)←BrO(X 2P) ionization,
could not be observed because of overlap with more intense
bands in the 11.6–12.1 eV region, notably bands of Br at-
oms, O2, and the third band of O3 recorded with HeIb radia-
tion. Photoionization of BrO X 2P3/2 with a Boltmann vibra-
tional distribution at room temperature is consistent with the
spectra obtained. The Br1O3 reaction @reaction ~1!# is
exothemic by 1.4 eV. The BrO produced is almost certainly
produced vibrationally excited, but no evidence for this was
obtained from the experimental spectra. It appears that BrO
is collisionally vibrationally deactivated between the point of
production and photoionization.
Photoelectron spectra were recorded at constant reagent
partial pressures at a range of mixing distances in the region
0–30 cm. The relative intensities of all reactant and product
bands were measured at each mixing distance, from differ-
FIG. 3. Variation of the intensity of the photoelectron bands of O3, O2, BrO,
and Br as a function of mixing distance above the photon beam for the
Br1O3 reaction, recorded at constant reagent partial pressure. 1 cm mixing
distance is approximately equal to 0.5 ms reaction time.ence spectra obtained by the procedure outlined above, and
these are plotted in Fig. 3. As can be seen from this figure,
the relative concentration of the reactants decreases with
mixing distance while the stable product (O2) increases
steadily. The mixing distance profiles of the two BrO bands
closely resemble each other, supporting their assignment to
ionization of the same neutral species. The short-lived nature
of the molecule associated with these bands is confirmed by
the way their intensities initially increase for short mixing
distances ~,10 cm! and then decrease at mixing distances
greater than 10 cm, corresponding to reaction times greater
than 5 ms.
Using the procedure outlined previously,31 the relative
intensity of the vibrational components in the first two bands
of BrO was used to estimate the change in equilibrium bond
length on ionization. The method involved assuming that
each state was well represented by a Morse potential, which
is determined by values of ve , vexe , and re . For the
X 2P3/2 state of BrO these values are well established.4,5,30
However, for each ionic state ve was determined from the
experimental vibrational spacings. For each ionization,
Franck–Condon factors were computed for a range of pos-
sible ionic re values and the computed vibrational profiles
were compared to the experimental envelopes by means of a
least-squares procedure. Using this method, the values of re
which give the best fit to the experimental envelopes were
FIG. 4. Comparison of the experimental vibrational component intensities
in the first two photoelectron bands of BrO with the best-fit vibrational
envelope, obtained by variation of the equilibrium bond length in the ionic
state. Also, shown in this diagram are the Franck–Condon factors obtained
from CASSCF/MRCI calculations performed as part of this work and the
CCSD~T! calculations of Ref. 7. See text for further details.
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Parameter
state
ve /cm21 vexe /cm21 re /Å
BrO X 2P 725.7 4.74 1.7207 Ref. 5
715.1 5.43 1.728 CASSCF/MRCI calcs; this work
728 fl 1.725 Ref. 7: RCCSD~T!/ANO4
BrO1 X 3S2 840630 fl 1.63560.005 This work; see text
875 5.03 1.651 CASSCF/MRCI calcs; this work
854 fl 1.640 Ref. 7: RCCSD~T!/ANO4
BrO1 a 1D 880630 fl 1.64160.005 This work; see text
850 5.99 1.659 CASSCF/MRCI calcs; this work
804 5.99 1.659 Ref. 7: CCSD~T!/6-3111G(3d f )
BrO1 b 1S1 794.6 6.66 1.673 CASSCF/MRCI calcs; this work(1.63560.005) and (1.64160.005) Å for the X 3S2 and
a 1D states of BrO1, respectively. The Franck–Condon fac-
tors computed with these bond lengths are compared with the
experimental relative vibrational intensities in Fig. 4.
The values obtained in this work for the spectroscopic
constants re and ve for the BrO1(X 3S2) state @(840
630) cm21 and (1.63560.005) Å# compare reasonably fa-
vorably with the corresponding values derived from
CCSD~T! calculations7 ~854 cm21 and 1.640 Å!.
B. Ab initio calculations on BrO
In the present investigation, CASSCF/MRCI potential
curves were computed with the cc-pVQZ basis set ~without g
functions! for the X 2P state of BrO and the X 3S2, a 1D ,
and b 1S1 states of BrO1. These potential curves were used
primarily to generate vibrational wave functions and then
Franck–Condon factors for the ionization processes
BrO1(X 3S2)←BrO(X 2P) and BrO1(a 1D)
←BrO(X 2P). It has already been noted that the lowest en-
ergy electronic configuration in the cation has the open-shell
p2 configuration, which gives rise to the 3S2, 1D , and 1S1
states. Whilst the two singlet states are not described cor-
rectly by single-configuration @restricted Hartree–Fock
~RHF! or unrestricted Hartree–Fock ~UHF!# wave functions,
as used in the CCSD~T! calculations of Francisco et al.,7 the
CASSCF and MRCI methods employed in this work give the
correct wave functions for all the states investigated and do
not suffer from spin contamination. The CASSCF/MRCI cal-
culations were carried out using the MOLPRO suite of
programs.27 Spectroscopic constants ~re , ve , and vexe!
were derived from the potential curves using a program~LEVEL!,32 which solves the radial Schro¨dinger equation with
a given potential curve to obtain rotational and vibrational
eigenvalues. The spectroscopic constants obtained, as well as
the adiabatic ionization energies, are shown in Tables I and
II. In each case, the computed vibrational constants are,
within experimental error, in agreement with the experimen-
tal values. The computed equilibrium bond lengths are
slightly longer ~by ’0.015 Å! than the experimental values.
The computed AIEs are both lower than the experimental
values by ’0.25 eV, although the separation between the
calculated values ~0.75 eV! agrees well with the experimen-
tal separation @(0.7560.02) eV# . The spectroscopic con-
stants derived from the CASSCF/MRCI calculations per-
formed in this work have been used to define Morse
potentials for the states involved and then to compute the
vibrational envelopes for the first two photoelectron bands of
BrO. Using the same approach, Franck–Condon calculations
have also been performed using the results of the CCSD~T!
calculations of Ref. 7. As can be seen from Fig. 4, the results
obtained with both the CASSCF/MRCI calculations of this
work and the CCSD~T! calculations of Ref. 7 show good
agreement with the experimental envelope.
C. The O¿Br2 reaction studied by PES
Figure 5~a! shows a photoelectron spectrum recorded for
a mixture of O2 and Br2 under conditions where the Br2 was
introduced into an O2 flow 10 cm above the photon beam.
The only significant signals in this spectrum are those asso-
ciated with ionization of O2(X 3Sg2) in the 12.0–13.0 eV
region and with ionization of Br2 in the 10.5–11.0 eV region.
Figure 5~b! shows the spectrum recorded for the same mix-TABLE II. Computed and experimental adiabatic ionization energies ~AIEs!/eV of BrO.
Ionization
AIE
Experimental
this work
AIE
CASSCF/MRCI
this work
AIE
CCSD~T!/ANO Ref. 7
BrO1(X 3S2)←BrO(X 2P) 10.4660.02a 10.18b 10.45560.035
BrO1(a 1D)←BrO(X 2P) 11.2160.02 10.93 11.42
BrO1(b 1S1)←BrO(X 2P) fl 11.46 fl
aIn Ref. 18, the first AIE of BrO, prepared from the O1Br2 reaction, has been measured by PIMS as (10.46
60.02) eV.
bAIE obtained at RCCSD~T!/cc-PVQZ(s , p , d , f , g) level with CASSCF/MRCI computed geometries is 10.34
eV.
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The microwave discharge produces a significant amount of
O2(a 1Dg) and oxygen atoms, O(3P). Signals arising from
ionization of these discharge products can be clearly seen in
the 11.0–12.0 eV region @corresponding to O2
1(X 2Pg)
←O2(a 1Dg)# and at 13.61 eV @corresponding to O1(4S)
←O(3P)#. Experiments performed for discharged oxygen
alone demonstrated that the intensity of the O atom signal at
13.61 eV was approximately equal to the most intense O2
signal, the O2
1(X 2Pg), v151←O2(X 3Sg2), v950 feature.
The intensity of the O atom signal at 13.61 eV decreased as
the O2 /O mixture is reacted with Br2 and this decrease is
accompanied by the appearance of Br atom bands. In addi-
tion to these features, the spectrum recorded for Br2 reacted
with discharged oxygen @Fig. 5~b!# shows two features which
were part of a short vibrational progression with an adiabatic
ionization energy of (10.2660.02) eV. This band was
shown to arise from the O1Br2 reaction by performing ex-
periments in which the O atoms, but not the O2(a 1Dg) from
the O2 discharge, were deactivated by using a glass-wool
plug placed in the O2 discharge sidearm. Spectra recorded
under these conditions showed no evidence of reaction and
the band at 10.26 eV was not seen.
The spectrum presented in Fig. 5~b!, as well as the po-
sition and envelope of the band at 10.26 eV, agrees very well
with that published in the original O1Br2 PES study.17 How-
ever, based on the results obtained from the Br1O3 reaction
in this work, which placed the first AIE of BrO at (10.46
60.02) eV, and the supporting theoretical and PIMS
evidence,18 the assignment of the band at 10.26 eV to ion-
ization of BrO made in the earlier study17 is clearly incorrect.
In order to obtain the vibrational envelope of the band at
10.26 eV in the absence of Br2 and O2(a 1Dg) features, the
signals due to Br2 and O2(a 1Dg) were subtracted off. Figure
6~a! is a reproduction of the 10.0–11.5 eV region of the
O1Br2 spectrum shown in Fig. 5~b!. Figure 6~b! shows a
spectrum of discharged O2 recorded under approximately the
FIG. 5. HeI photoelectron spectra recorded in the 10.0–13.8 eV ionization
energy range for Br2 reacted with discharged oxygen at a mixing distance of
10 cm above the photon beam. Figures 5~b! and 5~a! were recorded with the
oxygen discharge on and off, respectively. The count-rate obtained on the
first two bands of Br2 in the 10.5–11.0 eV ionization energy region is ’600
coounts s21.same experimental conditions as Fig. 6~a!. The first two vi-
brational components of the O2(a 1Dg) photoelectron band,
O2
1(X 2Pg)←O2(a 1Dg), are clearly seen in the 11.0–11.5
eV region and the second of these is used to normalize this
spectrum to the O2(a 1Dg) band in the O1Br2 spectrum.
Much weaker signals due to HeIb ionization of O2(X 3Sg2)
are present at lower apparent ionization energy. A photoelec-
tron spectrum of the first band of Br2 is shown in Fig. 6~c!.
This spectrum has been normalized so that the intensity of
the second spin-orbit component is the same as that of the
corresponding band in the O1Br2 spectrum @Fig. 6~a!#. The
result of subtracting the Br2 and the discharged O2 spectra
from the O1Br2 spectrum is shown in Fig. 6~d!. As can be
seen, the vibrational envelope of the first band of the reaction
product at 10.26 eV only shows two components with the
vertical the same as the adiabatic. The two components were
separated by (820630) cm21 and they maintained the same
intensity ratio as the experimental conditions were changed.
No evidence was obtained for another band associated with
this feature. Very weak features were, however, observed at
10.46 and 11.21 eV, which were the BrO bands, observed
with more intensity in the Br1O3 reaction.
The relative intensity of the main observable features in
the O1Br2 reaction were monitored as a function of mixing
distance at constant reagent partial pressure and the results
obtained are summarized in Fig. 7. As expected, the O atoms
decrease with increasing mixing distance. The 10.26 eV
band increases to ’5.0 cm mixing distance and then de-
creases, demonstrating that it is associated with a reaction
product of limited lifetime under the conditions used.
D. Ab initio calculations on BrO2 and Br2O
As the band at 10.26 eV observed from the O1Br2 re-
action cannot be assigned to BrO, it was clear that it must be
associated with a secondary reaction product. As Br2O has a
first AIE of (10.2660.01) eV measured by PIMS19 and BrO2
is a known secondary product of the O1Br2 reaction21 with a
computed first AIE at the CCSD~T! level of (10.16
60.13) eV,20 these were the two major candidates consid-
ered for assignment of the 10.26 eV band. In fact, the band at
10.26 eV could be unambiguously assigned to ionization of
BrO2 with a C2v structure ~see later!.
Ab initio calculations were performed for Br2O and BrO2
in order to compute their first AIEs. Other than comparing
the computed AIEs and the harmonic vibrational frequencies
of the cation with the observed values, spectral simulations
were also carried out for comparison with the observed vi-
brational envelope, in order to obtain an unambiguous as-
signment for the observed photoelectron band at 10.26 eV.
For both BrO2 and Br2O, the Cartesian Franck–Condon Fac-
tor ~CART-FCF! program was employed, which is based on
the harmonic oscillator model and includes Duschinsky rota-
tion. The details of the Franck–Condon method employed
~the IFCA method! have been described previously.33
1. OBrOC2v and its cation
In this work, minimum energy geometries and harmonic
frequencies were computed at several levels of theory with
different standard basis sets for the ground states of BrO2
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1
. An augmented effective core potential ~ECP! ba-
sis set, lan12 dz12d ~the lan12 ECP with the standard
double-zeta valence basis,34 augmented with one set of dif-
fuse sp and two sets of d Gaussian functions! was also used
for Br @together with the 6-311G(2d) basis set for O#; this
basis set has been used in calculations for BBr2 and its cation
and was found to be satisfactory.35 Single geometry energy
FIG. 6. ~a! HeI photoelectron spectrum recorded in the 10.0–11.5 eV region
for the O1Br2 reaction at 10 cm mixing distance above the photon beam.
~b! A HeI photoelectron spectrum of discharged oxygen recorded under the
same experimental conditions used to obtain Fig. 6~a!. ~c! A HeI photoelec-
tron spectrum of Br2 recorded in the ionization energy region 10.0–11.5 eV.
This spectrum has been normalized so that the Br2 band intensity is the same
as that in Fig. 6~a!. ~d! The result of subtracting Figs. 6~b! and 6~c! from Fig.
6~a!.calculations at a higher level and/or with a larger basis set,
including the G2 method,36 were also performed to obtain
improved AIEs.
When these calculations on BrO2 and BrO2
1 were
started, it was noted that the first AIE of BrO2 had been
calculated at the CCSD~T!/6-3111G(3d f )//CCSD~T!/
6-311G(2d f ) level as (10.1660.13) eV and the symmetric
stretching frequency of the cation had been computed as 822
cm21 at the CCSD~T!/TZ2P level.20 Both the computed AIE
and the vibrational frequency match reasonably well with the
corresponding values obtained from the HeI O1Br2 photo-
electron spectrum for the 10.26 eV band. However, the HeI
photoelectron spectrum of OClO has been reported37 and the
first band has a vibrational envelope which differs signifi-
cantly from what is observed for the 10.26 eV band seen in
the O1Br2 reaction.
2. BrO2 optimized geometries, computed harmonic
vibrational frequencies, and ionization energies
The results obtained for BrO2 and BrO2
1 are summarized
in Tables III–VII, where they are compared with the most
recent computed values in the literature @experimental values
are available only for the neutral ground state; see Table III#.
FIG. 7. Variation of the intensity of the photoelectron bands O, Br2, and
BrO2 as a function of mixing distance above the photon beam for the reac-
tion O1Br2, recorded at constant reagent partial pressure. 1 cm mixing
distance is approximately equal to 0.5 ms reaction time.TABLE III. BrO2(X˜ 2B1) computed minimum energy geometries and harmonic vibrational frequencies.
Method rc /A OBrO/deg Sym. str. Sym. bend Asym. str Ref.
MP2/6-31G* 1.672 116.6 874 320 894 this work
QCISD/6-31G* 1.684 115.4 770 308 845 this work
QCISD/6-311G(2d) 1.652 114.8 803 323 876 this work
QCISD/6-3111G(3d f ) 1.634 113.7 917 337 852 this work
CCSD~T!/TZ2P 1.660 114.8 797 317 845 20
CCSD~T!/6-311G(2d f ) 1.644 114.8 fl fl fl 20
CCSD~T!/6-3111G(3d f ) 1.646 114.3 fl fl fl this work
CAS/MRCI/ECP, pVQZ 1.646 114.7 806.5 319.5 869.4 43
QCISD~T!/ECT1(2d f ) 1.659 115.2 850 308 781 15
Expt. 1.644 114.3 811.6 320.2 865.6 2
Expt. 1.649 114.4 795.7 317.0 845.2 15
Expt. 1.649 114.8 799.4 317.5 848.6 20
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Method rc /A OBrO/deg Sym. str. Sym. bend Asym. str Ref.
MP2/6-31G* 1.656 117.5 870 325 1161 this work
QCISD/6-31G* 1.638 116.0 812 330 899 this work
QCISD/6-311G(2d) 1.603 116.1 866 350 968 this work
QCISD/6-3111G(3d f ) 1.584 115.6 928 369 1029 this work
CCSD~T!/TZ2P 1.619 115.8 822 332 910 20
CCSD~T!/6-311G(2d f ) 1.607 115.6 fl fl fl 20
CCSD~T!/6-3111G(3d f ) 1.605 115.5 862 350 955 this work
IFCA expt. 1.6135 117.5 820 this workIt can be seen that the computed values are fairly sensitive to
the level of calculation employed. The computed minimum
energy geometries, harmonic vibrational frequencies, and
force constants are required for the subsequent Franck–
Condon calculations and spectral simulations. In this connec-
tion, the QCISD/6-311G(2d) level of calculation, @see
Tables III and IV# appears to be the most appropriate for this
purpose, as for the neutral ground state, where experimental
values are available, the computed geometrical parameters
and harmonic vibrational frequencies obtained at this level of
theory match best, of all the calculated results of this work.
The AIE and VIE for the BrO2
1(X˜ 1A1),
←BrO2(X˜ 2B1) ionization were computed at various levels
of theory, the highest being the RCCSD~T!/cc-pVQZ level,
at different geometries @Table V#. The
RCCSD~T!/cc-pVQZ//QCISD/6-311(2d) AIE is identical to
the CCSD~T!/6-3111G(3d f )//CCSD~T!/6-311(2d f ) AIE
of Francisco20 of 10.16 eV, suggesting that this value is close
to the computational limit ~level of correlation and basis set
size!. The RCCSD~T!/cc-pVQZ VIE obtained using the ex-
perimental geometry of the neutral ground state is 10.24 eV,
which agrees very well with the experimental VIE ~which is
equal to the AIE! of 10.26 eV. Inspecting the computed val-
ues for BrO2 and BrO2
1 @Tables III to V#, it seems that it is
the computed minimum energy geometries for both the neu-
tral and cationic ground state which require a higher level of
calculation. This is also reflected in the best IFCA geometry
derived for the cationic ground state and this will be dis-
cussed in Sec. IV D 3.
Calculations have also been carried out on the lowest
triplet state of BrO2
1 in order to confirm that the lowest sin-
glet state is the ground cationic state and to assist the search
for higher bands of BrO2. The results are shown in Tables VI
and VII. The optimized geometry of the a˜ 3B2 state seems to
be reasonably stable with respect to the levels of calculation
used and corresponds to a large change in both the Br–O
bond length and the OBrO bond angle on ionization to this
state; this would give rise to a broad photoelectron band
showing structure in both the symmetric stretching and bend-
ing modes. It is expected that of the levels of calculation
used to compute frequencies the QCISD/6-31G* harmonic
frequencies are the most reliable @Table VI#, with the highest
stretching frequency computed to be ’700 cm21. From
Table VII, it can be seen that the computed AIE and VIE
values are very sensitive to the levels of calculation used.
Nevertheless, at the highest levels of calculation used @G2
and RCCSD~T!/cc-pVQZ#, the AIE and VIE to this tripletstate are computed to be 11.59 and 11.71 eV, respectively.
Therefore, the photoelectron band corresponding to ioniza-
tion to the lowest triplet state of the cation would be ex-
pected to be ’1.2 eV higher than the ionization energy to the
lowest singlet state. This can be compared with ClO2, where
the 3B2 state of ClO2
1 is ’2 eV higher than the X˜ 1A1 state.
3. Spectral simulation of the BrO2¿ X˜ 1A1]BrO2 X˜ 2B1
ionization
The simulated spectrum obtained using the
QCISD/6-311G(2d) geometries and force constants are
shown in Fig. 8~a!. It can be seen that the main vibrational
progression, corresponding to the two components observed
experimentally, arises due to excitation of the symmetric
stretching mode in the cation, with very weak relative inten-
sities of vibrational components corresponding to excitation
of the symmetric bending mode. This is because the com-
puted change in bond angle upon ionization is small @1.3° at
the QCISD/6-311G(2d) level#. It is of interest to note that
the strongest vibrational component is the ~0, 0, 0!-~0, 0, 0!
ionization and the AIE coincides with the VIE. This vibra-
tional pattern is significantly different from that of the first
band in the HeI photoelectron spectrum of ClO2, where the
most intense component is the second vibrational compo-
nent. However, the computed BrO2 envelope matches rea-
sonably well that of the 10.26 eV band observed in the
O1Br2 photoelectron spectrum.
Employing the experimental geometry of re51.644 Å
and ue5114.3 ~from Ref. 38! for BrO2(X˜ 2B1), the IFCA
procedure was performed by varying the cationic geometry
to obtain the simulated spectrum which matches best with
the experimental HeI photoelectron spectrum. The best simu-
lated spectrum is shown in Fig. 8~b!. An estimated experi-
mental resolution ~full width half maximum! of 65 meV was
used with a Gaussian line shape in this simulation. The IFCA
geometry used for the cationic state to produce Fig. 8~b! is
re51.6135 Å and ue5117.5°. Although the vibrational
components due to excitation of the bending mode were not
resolved in the experimental spectrum, the simulations sug-
gested that the slightly asymmetric band shape observed in
the HeI photoelectron spectrum @on the high ionization en-
ergy ~I.E.! side; see Fig. 6~d!# almost certainly arises from
contributions from excitation of the bending mode, and the
bond angle change on ionization was obtained by matching
the asymmetry of the first two observed vibrational bands.
The uncertainties in the IFCA derived ionic bond length and
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lated and observed spectra are 60.0010 Å and 61.0°, re-
spectively. The rather large uncertainty in the bond angle is
due to the unresolved bending mode contributions in the ex-
perimental spectrum. However, because of experimental un-
certainties in the relative component intensities and the un-
certainty in the experimental re for the neutral state, the
errors in re and ue in the ionic state are estimated as 60.005
Å and 62.0°, respectively. Comparison between the ab initio
computed geometrical parameters and the experimentally de-
rived values suggests that there is an overestimate in the
decrease in the bond length and an underestimate of the in-
crease in bond angle upon ionization in the theoretical val-
ues.
4. Ab initio calculations of vibrational frequencies
and ionization energies of Br2O
As already stated, the band at 10.26 eV observed in the
O1Br2 reaction can be unambiguously assigned to ionization
of BrO2(C2v). However, computed results obtained for dif-
ferent isomers of Br2O will now be presented to show that
these cannot be assigned to the 10.26 eV band. The com-
puted positions and envelopes may well be of use in identi-
fying products of future experiments.
Calculations were performed on
~a! C2v BrOBr and Cs BrBrO singlet states, with ioniza-
tion to the lowest doublet ionic states. Singlet BrOBr
(C2v) is known to be lower than singlet BrBrO by
’0.7 eV.39
TABLE V. Computed adiabatic and vertical ionization energies of
BrO2(X˜ 2B1) @BrO21(X˜ 1A1)←BrO2(X˜ 2B1)# .
Method AIE VIE Ref.
MP2/6-31G* 9.29 this work
QCISD/6-31G* 9.98 this work
QCISD/6-3111G(2d) 10.11 this work
QCISD/6-3111G(3d f ) 10.39 this work
CCSD~T!/6-3111G(3d f ) 10.16 this work
G2 10.33 this work
RCCSD~T!/cc-pVQZ//
QCISD/6-311G(2d)
10.16 this work
CCSD~T!/6-31111G(3d f )//
CCSD~T!/6-311G(2d f )
10.16 20
RCCSD~T!/cc-pVQZ//expt. geom. fl 10.24 this work
Expt. 10.26 10.26 this work
TABLE VI. BrO21 a˜ 3B2 calculated optimized geometries and harmonic vi-
brational frequencies.a
Method
Parameter
HF/6-31G* MP2/6-31G* QCISD/6-31G*
OBr/A 1.733 1.728 1.757
OBrO/deg 101.5 104.4 104.7
Sym.str/cm21 685 849 695
Sym.bend/cm21 312 297 271
Asym.str./cm21 666 722 537
aThe dominant configuration of BrO21( a˜ 3B2) is - - - a21 b11.~b! Triplet BrBrO and triplet BrOBr states, with ionization
to the lowest doublet and quartet ionic states. These
calculations were performed because the O(3P)
1Br2(X 1Sg1) reaction is expected to proceed on a trip-
let surface and may yield triplet Br2O as the final prod-
uct. These open-shell triplet states lie higher in energy
than the corresponding closed-shell singlet states.
In all cases the computed envelopes did not match that
of the envelope of the band seen at 10.26 eV from the
O1Br2 reaction. Hence, only the results of the C2v BrOBr
and Cs BrBrO calculations will be presented here.
The optimized geometries and harmonic vibrational fre-
quencies of both structures of Br2O have been computed by
Lee,40 employing the CCSD~T!/TZ2P level of calculation.
More recently, Kolm et al.39 reported a combined matrix iso-
lation infrared spectroscopy and ab initio study on the pho-
toinitiated isomerization between these two structures. In
both studies, the BrOBr structure was found to be lower in
energy and the ground electronic states of both structures are
closed-shell singlet states. Also, in Ref. 39, the vertical ex-
citation energies from the closed-shell ground state of both
structures to their low-lying singlet and triplet states were
computed by the MCQDPT2 method. To our knowledge, no
ab initio calculations have been performed on the cationic
states of BrOBr or BrBrO. Since the BrOBr is the more
stable, it may be expected that BrOBr would be the product
when Br2O is produced. However, BrBrO has a computed
harmonic vibrational frequency of 793 cm21 for the BrO
stretch,40 which is close to the vibrational separation ob-
served for the 10.26 eV band observed from the O1Br2 re-
action, whereas the vibrational frequencies of BrOBr are all
lower @the symmetric stretching mode in BrOBr is 525 cm21;
see Table VIII#.
Using the methods adopted in the BrO2 calculations,
minimum energy geometries and harmonic frequencies were
computed at several levels of theory with different standard
basis sets, for the ground electronic states of both the neutral
and cationic states of both structures.
The optimized geometries and harmonic vibrational fre-
quencies computed in this work are summarized in Tables
VIII–XI. For BrOBr, the results obtained agree very well
with the CCSD~T! values of Lee40 @see Table VIII#, suggest-
ing that in this case both the ECP basis set and the B3LYP
TABLE VII. Computed BrO21( a˜ 3B2)←BrO2(X˜ 2B1) ionization energies/
eV.
Method AIE VIE Ref.
MP2/6-31G* 11.57 this work
MP2/6-3111G(3d f )//MP2/6-31G* 12.37 this work, G2
MP4/6-311G*//MP2/6-31G* 11.22 this work, G2
MP4/6-3111G*//MP2/6-31G* 11.55 this work, G2
MP4/6-311G(2d , f )//MP2/6-31G* 11.71 this work, G2
G2 11.59 this work
QCISD/6-31G* 10.47 this work
QCISD~T!/6-311G*//MP2/6-31G* 10.70 this work, G2
RCCSD~T!/cc-pVQZ//QCISD/6-31G*,
6-311G(2d)
11.56 this work
RCCSD~T!/cc-pVQZ//expt 11.71 this work
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QCISD/6-311G(2d) calculations. Gaussian vibrational envelopes with a
FWHM of 10 meV were used in this simulation ~see text for further details!.
~b! Simulation of the first band of BrO2 using the IFCA procedure and the
experimental equilibrium geometry of Ref. 38. Gaussian vibrational enve-
lopes with a FWHM of 65 meV were used in this simulation ~see text for
further details!.method used are reasonable alternatives for the more de-
manding all-electron basis sets and traditional correlation
methods, respectively. When comparing with the available
experimental values for BrOBr (X˜ 1A1) @Table VIII# and
BrBrO (X˜ 1A8) @Table X#, agreement is good except for the
BrO bond length of BrOBr, where the computed values are
consistently too large. For BrBrO, and the ground cationic
states of both structures, the demand on theory seems to be
higher, as the computed results vary with different levels of
calculation. In particular, the MP2 level seems inadequate
for the X˜ 2B1 state of BrOBr1, where the v3 mode has an
imaginary value.
In relation to the assignment of the 10.26 eV photoelec-
tron band in the O1Br2 reaction, the computed vibrational
frequencies of the ground cationic states of the two structures
are particularly relevant, as no experimental values are avail-
able. From Tables IX and XI, it was concluded that the
QCISD values should be reasonably reliable. Based on these
computed vibrational frequencies, the energetically less
stable BrBrO structure is favored for the assignment of the
10.26 eV photoelectron band over BrOBr, as for BrBrO1,
the BrO stretching mode has a calculated harmonic fre-
quency of over 700 cm21, while all the calculated vibrational
frequencies of BrOBr1 are significantly less than the ob-
served vibrational spacing of 820 cm21.
In Table XII, the computed first AIEs of both structures
are summarized. For BrOBr, we have also computed the first
AIE at the RCCSD~T!/cc-pVQZ level, with the
QCISD/6-3311G(2d) and experimental geometries for the
cation @Table IX# and neutral @Table VIII#, respectively. At
this level of calculation, an AIE of 10.37 eV was obtained,
which can be compared with the first AIE of 10.34 eV, ob-
tained at a similar level of theory for BrO @RCCSD~T!/cc-
pVQZ at CASSCF/MRCI geometries#. A very similar com-
parison can be obtained when the results at the G2 level of
calculation are also considered ~for BrO, a G2 first AIE value
of 10.37 eV was reported in Ref. 8!. Therefore, based on the
computed AIEs, the first bands of BrOBr and BrO would be
expected to coincide, while that of BrBrO is ’0.44 eV lower
in energy ~at the G2 level, see Table XII!. With the measured
first AIE of 10.46 eV for BrO from PES, these values lead to
TABLE VIII. Optimized geometries and harmonic vibrational frequencies
of the X˜ 1A1 state of BrOBr(C2v).
Method BrO/Å u/° v1(a1) v2(a1) v3(b2)
MP2/lan12dz12da 1.880 111.7 516 181 647
B3LYP/lan12dz12da 1.873 114.5 526 178 598
B3LYP/6-311G(3d f ) 1.854 114.7 535 183 616
QCISD/lan12dz12d 1.869 113.3 535 181 664
CCSD~T!/TZ2Pb 1.865 112.9 513 180 613
Microwavec 1.83786 112.249
IR Ard 525.3 622.2
aThe 6-311G(2d) basis set was used for O; see text.
bReference 40.
cReference 11.
dReference 39.
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value from the O1Br2 photoelectron spectrum is 10.26 eV.
In view of these considerations of the AIE positions, the
assignment of the 10.26 eV band to either C2vBrOBr or
CsBrBrO cannot be made—one is expected to be ’0.15 eV
higher while the other is ’0.29 eV lower than the observed
value. Although in the case of BrO, it has been
demonstrated7 that extrapolation of CCSD~T! calculations to
the basis set limit gave the best theoretical estimate of the
AIE, which agreed with the experimental value to within
60.02 eV, such an extrapolation to the basis set limit for
Br2O is beyond our present computational capacity.
5. Spectral simulations for Br2O–C2v BrOBr and
Cs BrBrO
Spectral simulations were carried out employing the
QCISD values, obtained with the largest basis sets used ~see
Tables VIII–XI! for both BrOBr and BrBrO. The simulated
spectra for the C2v and the Cs structures are shown in Figs.
9 and 10. It can be seen that the simulated vibrational enve-
lopes for the first bands of both BrOBr and BrBrO are much
more complex than the rather simple observed band enve-
TABLE IX. Calculated optimized geometries and harmonic vibrational fre-
quencies of the X˜ 2B1 state of BrOBr1 (C2v).
Method BrO/Å u/° v1(a1) v2(a1) v3(b2)
UHF/6-31G* 1.807 122.1 443 177 514
CASSCF~5,5!/lan12dz12d 1.887 116.5 422 166 566
MP2/6-31G* 1.740 120.8 785 244 846ic
MP2/lan12dz12da 1.738 121.1 793 240 1005ic
B3LYP/6-31G* 1.816 120.4 542 203 639
B3LYP/lan12dz12da 1.814 121.2 548 198 622
B3LYP/6-311G(3d f ) 1.797 121.7 546 200 639
QCISD/lan12dz12d 1.823 119.7 538 192 545
QCISD/6-31G*b 1.835 119.3 535 191 555
QCISD/6-311G(2d) 1.812 119.6 535 194 542
aThe 6-311G(2d) basis set was used for O; see text.
bThe five components d Gaussian functions were used instead of the default
size components.
cThe ‘‘i’’ indicates an imaginary frequency.
TABLE X. Calculated optimized geometries and harmonic vibrational fre-
quencies of the X˜ 1A state of BrBrO(Cs).
Method
BrO/
Å
BrBr/
Å u/Å
v1
~BrO!
v2
~BrBr!
v3
~bend!
HF/6-31G* 1.691 2.315 108.4 669 332 194
CASSCF(8,7)/6-31G* 1.711 2.548 113.3 774 131 179
MP2/6-311G* 1.659 2.466 113.85 1035 238 170
MP2/lan12dz12da 1.656 2.525 113.9 1030 228 160
B3LYP/lan12dz12da 1.687 2.489 112.4 801 240 166
B3LYP/6-311G(3d f ) 1.669 2.434 111.9 844 253 175
QCISD/lan12dz12d 1.710 2.483 110.4 719 246 161
QCISD/6-311G(2d) 1.693 2.470 111.6 737 247 165
CCSD~I!/TZ2Pb 1.690 2.510 113.1 793 215 153
IR ~Ar!c 804 235.8
IR ~Ar!d 804.6
aThe 6-311G(2d) basis set was used for O; see text.
bReference 40.
cReference 44.
dReference 39.lope of the 10.26 eV band of a single progression showing
only two vibrational components @Fig. 6~d!#. The simulations
show that structure in more than one vibrational mode is
observed in the first photoelectron bands of BrOBr and
BrBrO, in accordance with the computed changes in equilib-
rium geometry upon ionization ~Tables VIII–XI!. Based on
these simulations, it is clear that the first photoelectron bands
of BrOBr and BrBrO would not have a simple band enve-
lope, as is observed for the band at 10.26 eV in the O1Br2
reaction. This photoelectron band cannot therefore be as-
signed to ionization of C2v BrOBr or Cs BrBrO.
6. Triplet BrO.Br and OBr.Br, and their cationic states
A large number of low-lying open-shell triplet neutral
and quartet/doublet cationic states were investigated. Most of
them were found to have one short and one long bond ~.3.0
Å! for both the neutral and cation. To achieve spectral as-
signment, only the lowest states are considered here.
Geometry optimization of the lowest triplet state of
BrO.Br at the MP2/6-311G* and QCISD/6-31G* levels led
to both bent (Cs) and linear (C‘v) structures. The lowest
energy minima are 3A9 and 3P , which are very close in
energy with the 3A9 state lower than the 3P state. These
states are almost certainly part of the same triplet surface.
Both minimum energy structures have short ~’1.77 Å! and
long ~’2.70 Å! Br–O bonds. Spectral simulations performed
for the ionizations BrO1.Br(4A8, 4A9)←BrO.Br(3A9) gave
in each case a Franck–Condon envelope consisting of one
broad band with vibrational structure in v28(’210 cm21) and
TABLE XI. Calculated optimized geometries and harmonic vibrational fre-
quencies of the X˜ 2A8 state of BrBrO1 (Cs).
Method
BrO/
Å
BrBR/
Å u/°
v1
~BrO!
v2
~BrBr!
v3
~bend!
UHF/6-31G* 1.740 2.281 102.8 632 332 214
CASSCF(7,7)/6-31G* 1.700 2.288 106.5 693 326 209
CASSCF~7,7!lan12dz12da 1.784 2.398 101.7 536 274 176
MP2(full)/6-31G* 1.701 2.288 106.1
MP2/lan12dz12da 1.678 2.239 106.8 700 300 200
B3LYP lan12dz12da 1.662 2.357 110.5 779 281 195
B3LYP/6-311G(3d f ) 1.651 2.300 109.9 806 204 206
QCISD/lan12dz12d 1.687 2.368 108.3 729 275 188
QCISD/6-311G(2d) 1.677 2.342 108.6 738 286 194
aThe 6-311G(2d) basis set was used for O; see text.
TABLE XII. Computed first adiabatic ionization energies ~in eV! for BrOBr
and BrBrO.
Method X˜ 2B1 BrOBr1 X˜ 2A9BrBrO1
HP/6-31G* 9.80 8.20
MP2(full)/6-31G* 10.41 9.75
MP2/lan12dz12da 10.48 10.20
B3LYP/lan12dz12da 10.01 9.78
B3LYP/6-311G(3d f ) 9.97 9.59
QCISD/lan12dz12da 10.07 9.57
QCISD/6-311G(2d) fl 9.42
G2 10.37 9.93
aThe 6-311G(2d) basis set was used for O; see text.
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velope of the band at 10.26 eV seen in the O1Br2 reaction.
Similar results were obtained for OBr.Br. At the
QCISD/6-311G* level, the lowest energy state is 3S2, with
a 3A9 state slightly higher in energy, and the lowest energy
ionization is expected to be OBr1.Br(X˜ 4P)
←OBr.Br(X˜ 3S2). One highly structured broad band is
computed for this ionization, consisting of overlapped series
in the Br–Br stretching mode (v28’95 cm21) for excitation
to v50, 1, 2, and 3 in the Br–O stretching mode (v18
’740 cm21). Again, very poor agreement was obtained with
the envelope of the 10.26 eV band observed from the O1Br2
reaction.
The conclusion from all these simulations is that the
10.26 eV band observed in the O1Br2 reaction system is the
first photoelectron band of BrO2.
Although BrO2 is clearly produced, its production mecha-
nism is not well established. There have been two sugges-
tions in the literature.21,41 The first involves the reaction
sequence.41
O1Br2→BrO1Br, ~5!
O1BrO1M→BrO21M, ~6!
O1BrO→Br1O2. ~7!
FIG. 9. Simulated first photoelectron band of C2v BrOBr using QCISD
computed values for the neutral and ionic states involved. Gaussian vibra-
tional envelopes with a FWHM of 10 meV were used in this simulation ~see
text for further details!.The rapid reaction ~7! competes with reaction ~6!, and Br
atoms were observed in this work as a secondary product of
the O1Br2 reaction.
More recently it has been proposed21 that BrO2 is produced
by reaction of vibrationally excited BrO~BrO†! with itself or
with thermalized BrO, i.e.,
BrO†1BrO†→BrO21Br, ~8!
BrO†1BrO→BrO21Br. ~9!
In our experiments, although BrO2 was clearly seen in the
O1Br2 reaction, it was not observed in the Br1O3 reaction
even when BrO was clearly present. These observations may
be explained by noting that ground-state BrO2 reacts with
ozone very slowly but vibrationally excited BrO2 is at least
three orders of magnitude more reactive toward ozone than
ground-state BrO2. If BrO2 is produced via reactions ~8! or
~9! in the Br1O3 reaction mixture, its partial pressure is kept
low because BrO2 is produced vibrationally excited and is
removed by reaction with ozone. We feel, therefore, that as
proposed in Ref. 21, reactions ~8! and ~9! represent the most
likely reactions for BrO2 production in the O1Br2 reaction
sequence.
FIG. 10. Simulated first photoelectron band of Cs BrBrO using QCISD
computed values for the neutral and ionic states involved. Gaussian vibra-
tional envelopes with a FWHM of 5 meV were used in this simulation ~see
text for further details!.
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The main conclusion of this work is that the photoelec-
tron band associated with a reaction product of the O1Br2
reaction in the early PES work,17 and initially assigned to
BrO, is actually associated with ionization of the secondary
reaction product BrO2. This band at (10.2660.02) eV ion-
ization energy can be firmly assigned as the BrO2
1(X˜ 1A1)
←BrO2(X˜ 2B1) ionization on the basis of computed AIEs
and Franck–Condon simulations performed in this work.
The first photoelectron band of BrO, prepared from reaction
~1!, is vibrationally resolved and allows the first AIE of BrO
to be measured as (10.4660.02) eV, in good agreement with
previous measurements from photoionization mass
spectrometry.18 Assuming BrO(X 2P) dissociates to Br(2P)
and O(3P) and BrO1(X 3S) dissociates to Br1(3P) and
O(3P), then D00(BrO) of (2.3960.03) eV42 and the first ion-
ization energy of atomic bromine of 11.81 eV24,29 can be
combined with the first ionization energy of BrO of (10.46
60.02) eV measured in this work to yield D00(BrO1,X 3S2)
of (3.7460.05) eV.
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